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ABSTRACT

Human noroviruses (HuNoVs) are the main cause of shellfish-borne gastroenteritis outbreaks. In the absence of routine techni-
cal approaches allowing infectious particles to be detected, this viral pathogen is currently targeted by genome research, leading
to difficult interpretations. In this study, we investigated the potential of F-specific RNA bacteriophages (FRNAPH) as fecal and
viral contamination indicators in shellfish and water from a local harvesting area. FRNAPH were also used as microbial source
tracking tools. Constraints imposed by detection limits are illustrated here by the detection of infectious FRNAPH in several
samples in the absence of FRNAPH genomes. The opposite situation was also observed, likely explained by the persistence of the
genomes being greater than infectivity. Similar considerations may be applied to HuNoVs, suggesting that HuNoV genome tar-
geting is of limited relevance in assessing infectious risks. While FRNAPH did not provide any benefits compared to Escherichia
coli as fecal pollution indicators in water, novel observations were made in shellfish: contrary to E. coli, a seasonal trend of infec-
tious FRNAPH concentrations was observed. These concentrations were higher than those found in water, confirming bioaccu-
mulation in shellfish. This study also underlines a relationship between the presence of HuNoV genomes and those of human-
specific FRNAPH subgroup II (FRNAPH-II) in shellfish collected throughout Europe. Further research should be undertaken to
evaluate FRNAPH potential as an indicator of the presence of infectious HuNoVs. To this end, shellfish involved in HuNoV-
caused gastroenteritis outbreaks should be analyzed for the presence of infectious FRNAPH-II.

IMPORTANCE

This work provides new data about the use of F-specific RNA phages (FRNAPH) as a tool for evaluating fecal or viral contamina-
tion, especially in shellfish. In our case study, FRNAPH did not provide any benefits compared to E. coli as fecal pollution indica-
tors in water but were found to be very useful in shellfish. Their concentrations in shellfish were higher than those found in the
surrounding water, confirming bioaccumulation. This study also underlines a relationship between the presence of human no-
rovirus genomes (HuNoVs) and those of FRNAPH subgroup II (FRNAPH-II). Considering that the two virus types have similar
behaviors and since FRNAPH infectivity can be investigated, the specific detection of infectious FRNAPH-II could be regarded as
an indication of the presence of infectious HuNoVs. The contribution of infectious human FRNAPH targeting for assessing the
viral risk associated with HuNoVs in shellfish should thus be investigated.

Human-pathogenic enteric viruses (e.g., human noroviruses
[HuNoVs] and hepatitis A virus [HAV]) may affect coastal

waters, mainly through human fecal pollution resulting from the
disruption of urban wastewater treatment plants or the leaching of
agricultural soils amended with urban sewage sludge. A minor
part of these viruses may also come from animal fecal pollution
(e.g., hepatitis E virus). Oysters, which are able to concentrate
such viruses, are implicated in a large number of outbreaks,
mainly due to HuNoVs (1–4), despite European regulations on
the matter.

In Europe, the microbiological quality of shellfish-harvesting
areas is subject to EC regulation 854/2004 (5). Areas are classified
according to their levels of fecal contamination estimated by Esch-
erichia coli detection in shellfish flesh and intravalvular liquid
(FIL). Areas with less than 230 most probable number (MPN) of
E. coli per 100 g of FIL can be harvested for direct human con-
sumption. For higher concentrations, depuration or relaying is
needed, and when the limit of 46,000 MPN of E. coli per 100 g of
FIL is exceeded, shellfish are considered unfit for human con-
sumption. There is no doubt that for high concentrations of E.
coli, the risk of viral infection is significant. Nevertheless, the ab-

sence of E. coli, with or without depuration, is no guarantee of the
absence of infectious viruses, and shellfish compliant with Euro-
pean Union (EU) legislation may be involved in outbreaks (3, 6,
7). The reasons are well known today: E. coli is (i) less resistant
than viruses in the environment (8, 9), (ii) more affected by de-
puration procedures (10–12), and (iii) also potentially less accu-
mulated than enteric viruses in shellfish because of the presence of
specific receptors, especially for HuNoVs (13–15).

Over the past few decades, molecular methods have been
greatly improved, and an ISO standard for the detection of
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HuNoVs and HAV in bivalve molluscan shellfish is now available
(16). Such an approach appears to be ideal because of its high
sensitivity, rapidity, and specificity. However, molecular methods
are not without significant drawbacks. These techniques may un-
derestimate the viral load because of the low sample mass used for
detection (17), low extraction yields, the presence of reverse tran-
scription-PCR (RT-PCR) inhibitors (4), and the possible presence
of other nontargeted viruses. Consequently, laboratories some-
times fail to detect the presence of HuNoV genomes in oysters
involved in global HuNoV gastroenteritis outbreaks (17). On the
other hand, a very high overestimation of the infectious risk may
also occur (17–19) because of the persistence of viral genomes
being greater than viral infectivity (20–23), especially after disin-
fection treatment. It has been suggested that as shellfish are not
able to bioaccumulate NoV RNA fragments present in seawater
(24), the genomes detected in shellfish mainly result from infec-
tious virus accumulation. However, genomes in a capsid are not
systematically synonymous with infectivity, and recent data have
shown that some inactivating treatments, especially UV radiation,
cause damage leading to inactivated viral particles but do not af-
fect the binding function (25). In addition to natural UV radia-
tion, this type of radiation is commonly used to treat water used
during the shellfish depuration process but also for wastewater
treatment, which may impact the shellfish-harvesting areas. It sig-
nificantly reduces viral infectivity by causing genome damage and,
to a lesser extent, by altering capsid proteins. Thereby, the result-
ing inactivated viral particles should still be able to accumulate in
shellfish, and short RNA fragments targeted by molecular tech-
niques remain detectable (26–28), which can explain the high
prevalence of HuNoV genomes detected in shellfish. In this con-
text, the 5.0% to 76.2% positive results for the detection of
HuNoV genomes in shellfish intended for commercial use (17,
29–37) are difficult to interpret in terms of infectious risk. Al-
though the dose-response concept is often observed (3, 18),
HuNoV genome levels may be sometimes low in shellfish com-
modities involved in HuNoV gastroenteritis outbreaks (19) and
may be high in nonoutbreak-related samples (18).

In this context, other indicators have been proposed to evalu-
ate the level of viral pollution and the associated risks. F-specific
RNA bacteriophages (FRNAPH) have been proposed as suitable
viral indicators, especially in shellfish (38–42), due to their com-
mon presence in wastewater and their structural similarity to
many enteric viruses (nonenveloped single-stranded RNA viruses,
20 to 30 nm in diameter). They are divided into 4 subgroups,
present either in animal (FRNAPH subgroup I [FRNAPH-I] and
FRNAPH-IV) or human waste (FRNAPH-II and FRNAPH-III),
with various degrees of certainty (43–46). They can be detected by
specific RT-PCR methods, allowing the genome of each subgroup
to be quantified (47, 48), or by rapid culture that provides infor-
mation about their infectivity. As with HuNoVs, FRNAPH show
greater persistence than E. coli in the environment (49, 50), and
several studies underline a relationship between HuNoVs and
FRNAPH in shellfish (34, 35, 39, 41, 51) and seasonal variation in
FRNAPH concentration, displaying the trend of shellfish-associ-
ated gastroenteritis (39, 40, 52), thus attesting to their potential.

The aim of this study was first to evaluate the value of FRNAPH
as fecal or viral pollution indicators in shellfish and environmental
waters from a designated harvesting area and as specific human
fecal pollution markers. To evaluate their value as fecal markers,
the level of infectious FRNAPH was compared to those of E. coli

and enterococci in waters and mollusks. Their value as viral pol-
lution indicators was evaluated by comparing the level of
FRNAPH genomes to those of NoV genogroup I (NoV GI) and
NoV GII, taking into account that FRNAPH infectivity can easily
be assessed, unlike that of NoV. Because NoV GI and NoV GII are
human-specific-pathogenic viruses, the ability of FRNAPH-II and
-III to track a human pollution event could also be evaluated.
Finally, the investigation of the relationship between the levels of
FRNAPH and HuNoV genomes was expanded to include shellfish
collected from different harvesting areas throughout Europe.

MATERIALS AND METHODS
Water sample preparation. Thirty-two water samples were collected
from a coastal region located in western France between January 2014 and
January 2015. Samples came from 4 areas located near a local shellfish-
harvesting area (Fig. 1): stream 1 (n � 8 samples of fresh water) flowing
into estuary 2 (n � 8 samples of brackish water), and stream 3 (n � 8
samples of fresh water) flowing more slowly into estuary 4 (n � 8 samples
of brackish water). For each sampling, 450 ml of water was collected in
sterile bottles and kept at �20°C until analyzed.

Analyses were performed either directly from water samples or after
concentration by ultracentrifugation. Concentration was performed from
2 � 200 ml of water in 2 polyallomer centrifuge bottles (Thermo Scien-
tific, Waltham, MA, USA) in an A-621 fixed-angle rotor (Thermo Scien-
tific) at 21,000 rpm (67,000 � g), for 18 h at 4°C. The first bottle was used
for the enumeration of infectious FRNAPH and the second for the detec-
tion of FRNAPH and HuNoV genomes. In the second bottle, 100 �l of a
feline calicivirus suspension (FCV) adjusted to 106 genome copies (gc)/ml
was added before ultracentrifugation as an internal standard. As described
below, for each experiment, the same volume of the FCV suspension was
extracted in parallel, and a standard curve was generated from a 10-fold
dilution series in order to estimate the yields of the concentration and
extraction methods for each sample.

Shellfish sample preparation. Eight batches of oysters (Crassostrea
gigas) and 8 batches of mussels (Mytilus edulis) were collected during the
study period from a harvesting area essentially impacted by stream 3 and
estuary 4 (Fig. 1). The area is classified as B, according to EC regulation
854/2004 (5). Twenty-eight batches of oysters intended for marketing
were additionally collected between January and March 2016 from several
harvesting areas throughout Europe (France, Ireland, and Portugal).

After collection, shellfish were kept at 4°C and were shucked and dis-
sected within 12 h. Hepatopancreas (HP) fragments were divided from
several specimens, according to ISO/TS standard 15216-1 (16). They were
then kept at �20°C until analyzed. A weight estimate based on 5 speci-
mens allowed a determination that the HP fraction represented 5.0% �
0.7% (wt/wt) of the total FIL mass (data not shown). After thawing, 4 g of
digestive tissues was mixed with 4 ml of phosphate-buffered saline (PBS)
for 3 min in a DT-20 tube with Ultra-Turrax tube drive (IKA-Werke
GmbH & Co. KG, Staufen, Germany). One-quarter of the suspension
volume (corresponding to 1 g of HP) was removed for RNA extraction, as
described below, and supplemented with 100 �l of the FCV suspension as
an internal standard.

For the culture step, a 3-ml volume of PBS– 0.3% peptone was added
to the remaining suspension to obtain a final concentration of 0.1% pep-
tone, as described in ISO standard 6887-3 (53). The suspension was then
mixed for 1 min and kept in ice for 4 h. After centrifugation (2,000 � g for
5 min), 3 ml of supernatant (corresponding to 1 g of HP) was collected,
supplemented with 7 ml of PBS, and used for culture.

Infectious FRNAPH enumeration and phage plaque genotyping. In-
fectious FRNAPH were detected according to ISO standard 10705-1 (54)
using Salmonella enterica serovar Typhimurium WG49 (NCTC 12484) as
the host strain (55). Culture was performed in 150-mm-diameter petri
dishes, allowing for the analysis of 5-ml samples. Kanamycin and nalidixic
acid were added (100 �g/ml) to limit the growth of other bacteria. Viral
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concentration was expressed in PFU per milliliter of water or per gram of
HP after an 18-h incubation period.

Concerning water, detection was performed directly from 20 ml of
samples (4 � 5 ml) or after concentration by ultracentrifugation, as de-
scribed above. In the case of ultracentrifugation, the supernatant was gen-
tly eliminated, and the pellet was suspended by two washing and scraping
steps with 2 ml of PBS and transferred in a sterile 15-ml tube. The final
volume was adjusted to 5 ml and used for titration.

Concerning shellfish, culture was performed from 2 � 5 ml of samples
(corresponding to 1 g of HP), prepared as described above.

For infectious FRNAPH genotyping, phage plaques were randomly
isolated from positive water and shellfish samples (up to a limit of 12 per
sample), collected with tips, and suspended in 1 ml of PBS–15% glycerol.
After brief vortexing, the suspension was filtered through sterile Acrodisc
syringe filters (pore size, 0.22 �m; Pall Life Sciences, Ann Arbor, MI,
USA). RNA was then extracted using NucliSENS easyMAG (bioMérieux,
Marcy l’Etoile, France) from 50 �l of phage suspension, eluted in 100 �l of
buffer. Genotyping was then performed from RNA by a one-step multi-
plex quantitative RT-PCR, as used in a previous study (21).

Genome extraction. Extraction was achieved from waters after ultra-
centrifugation or from mixed shellfish. Regarding waters, lysis was per-
formed beforehand from the concentrated pellet by adding 1 ml of PBS
and 3 ml of Isol-RNA lysis reagent (5 Prime GmbH, Hilden, Germany) in
the centrifuge bottle. The pellet was suspended by gentle agitation for 10
min on a tube roller at 70 rpm and, after scraping, the suspension was
collected for genome extraction.

Regarding shellfish, a 2-ml volume of the mixture, prepared as de-
scribed above, was incubated with 220 �l of proteinase K (30 U/ml) at
37°C for 1 h, with stirring. After centrifugation (3,000 � g for 5 min), 1.11
ml of the supernatant was collected (corresponding to 0.5 g of HP) and
supplemented with 3 ml of Isol-RNA lysis reagent (5 Prime GmbH,
Hilden, Germany).

The 4-ml lysed samples (suspended pellet or supernatant from di-
gested shellfish) were finally collected in 15-ml Phase Lock Gel heavy tubes
(5 Prime GmbH, Hilden, Germany) and, after adding 2 ml of chloroform,
the mixture was stirred vigorously for 15 s and centrifuged (2,000 � g for
2 min). Extraction was then performed from the whole supernatant using

NucliSENS magnetic extraction reagents (bioMérieux, Marcy l’Etoile,
France) on a NucliSENS miniMAG in 100 �l of elution buffer, according
to the manufacturer’s recommendations.

FRNAPH genome quantification. Genomes of each FRNAPH sub-
group were targeted for detection in waters after concentration by ultra-
centrifugation and in shellfish HP. Detection was performed according to
the protocol described by Ogorzaly and Gantzer (47). For each subgroup,
quantification was carried out in duplicate using a standard curve range of
101 to 105 gc/reaction. Thereby, quantification limits (LOQ), correspond-
ing to the detection of 101 gc in a PCR well, were 267 gc/100 ml of water
after ultracentrifugation and 1,067 gc/g of shellfish HP.

HuNoV genome quantification. NoV GI and GII genomes were de-
tected in waters after concentration and in shellfish HP, according to
ISO/TS standard 15216-1 (16). Quantification was carried out in dupli-
cate for both subgroups using a standard curve range of 101 to 105 gc/
reaction. From the volume of RNA suspension used in the reaction, the
LOQ were 100 gc/100 ml of water after ultracentrifugation and 400 gc/g of
shellfish HP.

Other physicochemical, microbial, and epidemiological parame-
ters. Other parameters were examined to characterize samples. In waters,
dissolved oxygen, temperature, salinity, pH, and turbidity were measured.

E. coli and enterococcal concentrations in waters were also evaluated
using a miniaturized MPN method based on ISO standard 9308-3 (56). In
oysters and mussels, E. coli was detected by direct impedance measure-
ment in shellfish FIL, according to NF V08-106 (57).

The results were compared to epidemiological data on the incidence
rate of gastroenteritis in the region during the study period. In January to
February 2014, the gastroenteritis incidence rate was higher than the na-
tional epidemic threshold (about 300 cases per 100,000 inhabitants). For
the other dates, it was lower (between 50 and 130 cases per 100,000 inhab-
itants).

Concentration and extraction yields estimated by FCV quantifica-
tion. To estimate the yields of the ultracentrifugation and extraction
methods, FCV was used as an internal standard. Standard curves were
obtained from a 10-fold dilution series of the FCV suspension, corre-
sponding to a yield of 100%, 10%, and 1%. For each sample, the yield was
evaluated by an absolute quantification of FCV by quantitative reverse

FIG 1 Geographic locations of the 4 water sampling areas and of the shellfish-harvesting area (*). The figure was generated via Snazzy Maps software, using
images from Google Maps.

FRNAPH and Norovirus in Shellfish and Water
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transcription-PCR (RT-qPCR) using the RNA UltraSense one-step quan-
titative RT-PCR system (Life Technologies, Carlsbad, CA, USA), per-
formed from 5 �l of RNA in a 25-�l reaction volume, according to the
manufacturer’s recommendations, using primers (500 nM) and a probe
(900 nM) designed by Gassilloud et al. (22). The reaction was carried out
on StepOne Plus real-time PCR system (Life Technologies) at 55°C for 40
min (reverse transcription), 5 min at 95°C, followed by 40 cycles of 15 s at
95°C, 30 s at 60°C, and 30 s at 65°C. Quantification of FCV was also
performed from 10-fold-diluted samples to assess the presence of RT-
PCR inhibitors.

PCA. Principal-component analysis (PCA) is a geometrical and statis-
tical descriptive approach that allows the reduction of multiple quantita-
tive variables into a limited number of factors. The objective is to project
variables in a low-dimension space, distorting the facts as little as possible,
and to obtain the most relevant summary of initial data. Graphical inter-
pretation can reveal similarities or oppositions between data placed on a
2-dimension plane, defined by two factors (generally F1 and F2) chosen to
summarize the maximum amount of information. Only correctly repre-
sented variables can be interpreted (i.e., near the correlation circle). In-
deed, two points may appear close together in a 2-dimension plane while
they are distant in a multiple-dimension space (on both sides of the pro-
jection plane). With respect to interpretation, some positions are worth
noticing: a positive correlation exists between variables in close proximity
(correlation coefficient close to 1), variables moving in opposite direc-
tions are negatively correlated (r close to �1), and no correlation is ob-
served between variables at right angles to each other (r close to 0). PCA
was performed using an Excel add-in (Revue Modulad 43, 2011, http:
//www.modulad.fr/excel_macros.htm).

RESULTS
Methodological considerations for the detection of infectious
FRNAPH in water samples. The methods used to detect bacteria
and infectious FRNAPH in waters are based on standardized tech-
niques. The theoretical limits of detection (LOD) for E. coli and
enterococci (corresponding to the detection of 1 bacterium per
final volume analyzed) are 38 MPN/100 ml of water. For infec-
tious FRNAPH, the LOD is 5 PFU/100 ml in the case of direct
analysis and 0.5 PFU/100 ml after concentration by ultracentrifu-
gation, if a recovery rate of 100% is considered. Nevertheless, es-
timation based on the concentration of 28 samples of river water
gave a mean recovery rate of only 34.0% (range, 4.7% to 80.0%)
for infectious FRNAPH detection. In quantitative terms, the mean
concentration detected was 13 PFU/100 ml by direct analysis and
4 PFU/100 ml after ultracentrifugation, and only 3 water samples
were positive after concentration, while no infectious FRNAPH
were detected in the direct analysis. Conversely, 2 samples were
positive by direct detection and negative after concentration. In
the present study, the concentration method was of little benefit in
the detection of infectious FRNAPH, and therefore, only the re-
sults obtained in the direct analysis were considered in a compar-
ison of FRNAPH levels with those of E. coli or enterococci.

Methodological considerations for the detection of genomes
in water samples. Concerning the detection of genomes, the the-
oretical LOD for FRNAPH (corresponding to 1 gc in a PCR well)
is 5.3 � 103 gc/100 ml of water, due to the small sampling volume
involved when a direct analysis is performed. Thus, no direct de-
tection can be considered, even if the genome concentration is
usually 1- or 2-log10 unit higher than that of infectious particles.
Thereby, even if the use of concentration methods is a critical step
leading to the loss of viral particles or genomes, they appear to be
essential for the analysis of low-concentration samples. After
ultracentrifugation, the theoretical LOD values are 26.7 and 10

gc/100 ml of water for FRNAPH and HuNoVs, respectively. Given
the structural similarity between FRNAPH and HuNoVs, the
same recovery rate may be considered after ultracentrifugation for
both virus types, as well as for their various subgroups, with cen-
trifugation parameters being set to pellet FRNAPH that have the
lowest sedimentation coefficient. This approach was preferred to
the use of adhesion-elution techniques or ultrafiltration through
positively charged membranes, which are more dependent on vi-
ral and particle surface properties (58). The approach proposed
here allows thus a strict comparison between these various param-
eters in order to evaluate the efficiency of FRNAPH as viral indi-
cators and as a tool to discriminate the source of fecal pollution.

For the detection of viral genomes, nucleic acid extraction
yields and the presence of RT-PCR inhibitors are other important
parameters to be taken into account. The use of FCV as an internal
standard allows the overall efficiency of the method used to be
assessed (including ultracentrifugation, RNA extraction, and de-
tection of RT-PCR inhibitors). In water samples, yields were het-
erogeneous: the average was about 9.5%, but they ranged from
0.01% to 49.6%. Most results were not acceptable according to
ISO/TS standard 15216-1 (16), which imposes extraction yields
of �1%. For the 10-fold-diluted samples, better yields were ob-
served (ranging from 0.4% to 105%), indicating the presence of
RT-PCR inhibitors. No correlation between inhibition and water
physicochemical parameters was observed (data not shown). The
use of 10-fold-diluted samples is challenging when working with
environmental samples, due to genome concentrations close to
the LOD, leading to possible overestimation by multiplying the
low quantity detected by the dilution factor. For all these reasons,
the results for FRNAPH and HuNoV genomes in waters were
interpreted from a qualitative standpoint only.

Methodological considerations for the analysis of shellfish
samples. With respect to the shellfish analysis, the LOD was 67
MPN of E. coli/100 g of FIL and 1 PFU/g of HP for infectious
FRNAPH. It was 107 gc/g of HP for FRNAPH genomes and 40
gc/g of HP for HuNoV genomes. The extraction yields observed
by using FCV were about 14.0%, ranging from 2.0% to 32.6%. All
yields were therefore acceptable according to ISO/TS standard
15216-1 (16). Very little variation was observed in the estimated
yields between undiluted and 10-fold-diluted samples (range,
2.0% to 52.5%). Inhibition seems therefore to have a minor effect
on the quantitative results. Accordingly, infectious bacteria, in-
fectious FRNAPH, as well as viral genome concentrations of
FRNAPH and HuNoVs may all be quantitatively compared in
shellfish.

Infectious FRNAPH and fecal indicator bacteria in water
samples. The relevance of FRNAPH as fecal and viral indicators,
as well as in tracking the source of fecal pollution, was evaluated in
waters collected from 4 sampling sites located near the local shell-
fish-harvesting area.

Fecal indicator bacteria (E. coli or enterococci) were detected
in all water samples throughout the year (Fig. 2). Infectious
FRNAPH were present in only 53% of the samples, with a mean
concentration 100-fold lower than that of E. coli. Genotyping of
phage plaques showed that infectious FRNAPH were mainly
FRNAPH-I (93%). In other samples, infectious FRNAPH did not
allow the fecal contamination highlighted by the presence of E. coli
to be detected. Overall, all areas were affected by fecal pollution,
and the concentrations of indicators (bacteria or FRNAPH) were
higher in January, November, and December 2014 than in March,
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FIG 2 Infectious FRNAPH-I (dark gray bar), FRNAPH-II (light gray bar), and undetermined phage (white) concentrations estimated by relating phage plaque
genotyping results to the total FRNAPH, as well as E. coli (black circles) and enterococcal (black triangles) concentrations detected in water samples collected
from the 4 study areas. For each sample, FRNAPH, NoV GI, and NoV GII genome detection results are also given. Only qualitative information is given for
FRNAPH genomes (presence [�] or absence [�]). HuNoV genome concentrations are expressed in genome copies per 100 ml of water; �, HuNoV genomes
undetected; �, HuNoV genome concentrations above the detection limit but unquantifiable (	100 gc/100 ml).

September 2016 Volume 82 Number 18 aem.asm.org 5713Applied and Environmental Microbiology

http://aem.asm.org


April, and October 2014 and January 2015. Except in rare cases,
infectious FRNAPH and E. coli concentrations demonstrated sim-
ilar trends. By associating the two parameters, 3 peaks of fecal
pollution were distinguishable: (i) in area 1, concentrations de-
tected in January 2014 were 7,060 MPN/100 ml and 55 PFU/100
ml for E. coli and FRNAPH, respectively; (ii) in area 4, concentra-
tions of 1,170 MPN/100 ml and 105 PFU/100 ml were detected
during the same period; and (iii) in area 4, concentrations were
higher than 9,830 MPN/100 ml and 55 to 80 PFU/100 ml in No-
vember to December 2014.

FRNAPH and HuNoV genomes in water samples. FRNAPH
genomes were detected in 50% of the samples (Fig. 2), which
confirmed on the whole the results obtained with infectious
FRNAPH. The higher concentrations of infectious FRNAPH
(i.e., �40 PFU/100 ml) were always associated with the presence
of genomes (n � 4), as opposed to the lower ones (n � 13), for
which genomes were sometimes not detected, presumably due to
the low concentration or extraction recovery rates and the pres-
ence of RT-PCR inhibitors. Conversely, in 22% of the samples
(n � 7), genomes were detected in the absence of infectious
FRNAPH. In 25% of the samples, neither genomes nor infectious
FRNAPH were detected.

NoV GI and GII were targeted here as specific human viral
pollution markers. Three water samples from area 1 (January
2014) and area 2 (January and April 2014) were positive for the
detection of both HuNoV and FRNAPH genomes. NoV GII ge-
nome concentrations were above the LOQ in samples collected in

January 2014 (200 and 640 gc/100 ml in areas 1 and 2, respec-
tively). In these 2 samples, infectious FRNAPH were also detected.
Interestingly, during the sampling period of January 2014, the
incidence of gastroenteritis in the population was above the epi-
demic threshold for the region.

Infectious FRNAPH and E. coli in shellfish samples. E. coli
was targeted in FIL of oysters (8 batches) and mussels (8 batches)
collected from the growing area affected by contaminated waters
coming from areas 1 to 4 (Fig. 1). As in waters, E. coli was detected
throughout the year (Fig. 3) in 81% of the samples (n � 13). For
the 2 sample types, the batches collected in March 2014 presented
the highest concentrations (2,700 and 5,300 MPN of E. coli/100 g
of FIL for oysters and mussels, respectively). According to EC
regulation 854/2004 (5), the harvesting area is classified as B. Our
results confirm such classification when taking into account E. coli
concentration levels detected in oysters but not for mussels, for
which classification would be C (�4,600 MPN of E. coli/100 g of
FIL detected in March 2014).

Concerning infectious FRNAPH, they were detected in all
shellfish samples. Concentrations ranged from 2 to 566 PFU/g of
HP (average concentration, 144 PFU/g), with FRNAPH-I being in
the majority (99% of the 12 phage plaques analyzed per sample).
Higher concentrations were observed in samples collected in Jan-
uary to February 2014 and December 2014 to January 2015 (aver-
age, 230 PFU/g of HP). Considering that FRNAPH are mainly
found in shellfish HP and that the HP fraction corresponds ap-

FIG 3 Infectious FRNAPH (gray bars) and E. coli (black circles) concentrations detected in shellfish collected from the local harvesting area. For each sample,
FRNAPH-I, FRNAPH-II, NoV GI, and NoV GII genome detection results are also given, expressed in genome copies per gram of hepatopancreas (HP). �,
genomes undetected; �, concentration above the detection limit but unquantifiable (	1,067 and 	400 gc/g of HP for FRNAPH and HuNoVs, respectively).
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proximately to 5% of the total FIL mass, the mean ratio between E.
coli and infectious FRNAPH in total FIL is 3.6 (geometric mean).

According to these indicators, shellfish were constantly af-
fected by fecal pollution in this area, and the large amounts of
FRNAPH in shellfish compared to concentrations detected in
nearby environmental waters indicated that shellfish are able to
accumulate FRNAPH in digestive tissues.

FRNAPH and HuNoV genomes in shellfish samples. Con-
cerning genomes, only FRNAPH-I and -II were detected in shell-
fish. An FRNAPH-II genome was detected in 75% of the samples
(Fig. 3; n � 6/8) during the first study period (January 2014 to
April 2014), but it was not detected during the second study pe-
riod (October 2014 to January 2015).

HuNoV genomes were targeted in shellfish HP, and they were
detected in 44% of the samples collected from the studied area
(3/8 oysters and 4/8 mussels). Six batches were positive for NoV
GII and only 1 for NoV GI (mussels from February 2014). Quan-
tifiable NoV GII genome concentrations (�400 gc/g of HP) were
detected in only 3 positive samples (oysters from January and
February 2014 and mussels from January 2014).

Principal-component analysis (PCA) was performed to de-
scribe associations between the different parameters targeted in
shellfish collected from the local harvesting area. A representation
along axes F1 and F2 allows a description of 81.8% of the total
information (Fig. 4). Several of the parameters considered in this
study are close to the correlation circle, allowing the interpreta-
tions of no relationship being observed between (i) E. coli and
HuNoV genome levels, (ii) infectious FRNAPH and HuNoV ge-
nome concentrations, and (iii) infectious FRNAPH and their
genomes; however, (iv) a relationship is underlined between
HuNoV and FRNAPH-II genomes.

These findings have led to the further investigation of the as-
sociation between FRNAPH and HuNoV genomes in shellfish col-

lected from other European harvesting areas. Among the 28
batches collected, 43% were positive for the presence of NoV GII
(n � 12), while NoV GI was never detected. Concerning the de-
tection of FRNAPH genomes, 11 batches were positive, and it was
FRNAPH-II in each case. In line with ISO/TS standard 15216-1
(16) for extraction and genome detection, HuNoV genome con-
centrations ranged between the LOD and LOQ values for 92% of
the positive samples, and FRNAPH-II genome concentrations
were also above the LOQ, while extraction yields were in agree-
ment with the ISO standard. Therefore, the association between
the two parameters was investigated in qualitative terms (Table 1).
Considering the 44 specimens monitored in this study, a highly
significant association is observed between HuNoV and
FRNAPH-II genomes (Pearson’s 
2 test with Yates’ continuity
correction, P 	 0.01).

DISCUSSION

Fecal indicator bacteria are commonly investigated in waters or
shellfish, and their detection has been standardized and managed
for a long time (51, 56, 57). Techniques used for the detection of
HuNoV and FRNAPH genomes and for those of infectious
FRNAPH have also been standardized or published for several
years (16, 47, 48, 54). However, concentration methods, which are
usually essential for the detection of viruses in environmental
samples, are far from easy, and the use of an internal standard is
required to estimate the extraction yield of the methods and the
inhibition rates. In waters collected from the studied area, infec-
tious FRNAPH levels were sufficient to be detected by direct anal-
ysis. As for genomes (FRNAPH or HuNoV), a concentration step
was needed, and they were detected after ultracentrifugation. The
average concentration yield is low (9.5%), especially in freshwater
(2%), and several rates are below the 1% threshold set by ISO/TS
standard 15216-1 (16), thereby allowing a qualitative interpreta-
tion only. For shellfish, extraction yields are �10%, allowing a
quantitative analysis.

The first step to ranking viral hazards is to evaluate the extent of
fecal pollution using appropriate indicators. Indeed, high levels of
fecal pollution are often associated with the presence of patho-
genic viruses, in the case of circulating strains in the population
(epidemic period). It is also suggested that high levels of fecal
pollution may be considered in the absence of pathogenic viruses,
without compromising the potential of the indicators used. Con-
versely, these indicators must always be present when pathogens
are detected. Because indicator bacteria (E. coli and enterococci)
are commonly used (59, 60), the potential of FRNAPH (genomes
and infectious phages) to evaluate the level of fecal pollution must
be compared to them.

In this study, fecal pollution was observed in waters no matter
the indicator used, and E. coli levels led to classify the studied site
as being of poor quality, according to EC directive 2006/7/EC (61).

FIG 4 Principal-component analysis of parameters targeted in shellfish col-
lected from the local harvesting area.

TABLE 1 Two-by-two contingency table for the detection of FRNAPH-
II and HuNoV genomes in shellfish batches

FRNAPH-II genome detection

HuNoV genome detection

No. of positive
samples

No. of negative
samples

No. of positive samples 14 3
No. of negative samples 5 22

FRNAPH and Norovirus in Shellfish and Water

September 2016 Volume 82 Number 18 aem.asm.org 5715Applied and Environmental Microbiology

http://aem.asm.org


E. coli was detected in all samples, while FRNAPH were absent
from almost half of them (15/32). Nevertheless, some relation-
ships appeared between the levels of E. coli, enterococci, and in-
fectious FRNAPH. Area 4 seemed to be the most affected by fecal
pollution, according to the levels of E. coli (3,720 MPN/100 ml)
and FRNAPH (32 PFU/100 ml). According to the levels of entero-
cocci, high fecal pollution was observed in areas 1 and 3. From
these data, infectious FRNAPH did not provide novel information
about the fecal pollution of waters of the studied site: as with E.
coli, concentration peaks were observed in winter (January 2014
for areas 1 and 2, November and December 2014 for area 4), and
although correlated on the whole with E. coli, their concentrations
were about 100 times lower, thus explaining their nondetection in
several samples. A ratio of about 10 to 100 is classically observed
between these 2 indicators in raw wastewater or in environmental
waters (46, 62, 63), restricting their potential as fecal pollution
indicators. Given that E. coli is less resistant than FRNAPH in the
environment, high concentrations of this indicator may be indic-
ative of a recent fecal pollution event. Finally, no benefit was ob-
served either regarding FRNAPH genome detection.

Concerning shellfish collected from the studied area, massive
fecal pollution was observed according to E. coli and infectious
FRNAPH levels (detected in 81% and 100% of the samples, re-
spectively). However, in 3 samples, fecal pollution was revealed by
the presence of infectious FRNAPH, but no E. coli was detected.
More than 99% of infectious FRNAPH isolated were FRNAPH-I.
Genotyping was, however, performed on a maximum of 12 phage
plaques per specimen, representing sometimes less than 2% of the
listed phage plaques. Interestingly, and contrary to the observa-
tions made in waters, infectious FRNAPH concentrations were
higher than the concentration of E. coli in shellfish. The fact that
HP was used for the detection of FRNAPH while E. coli was tar-
geted in whole shellfish (i.e., FIL) was not sufficient to justify such
a change compared to the concentrations detected in water (the
levels of E. coli were up to 100 times higher than those of infectious
FRNAPH in water samples, while a geometric mean of only 3.6
was calculated in shellfish). These results indicated better survival
and/or better accumulation of FRNAPH in shellfish than those of
bacteria, as previously suggested (11, 12, 52). This observation is
an important argument for the benefit of using FRNAPH to esti-
mate fecal contamination in shellfish compared to E. coli. Besides
that, no relationships were found between the concentrations of
these 2 indicators. High concentrations were observed during the
winter months for infectious FRNAPH (January to February 2014
and December 2014 to January 2015), while E. coli concentration
peaks were observed in spring and fall (March and October to
November 2014). Other studies also reported better accumulation
of FRNAPH in shellfish in winter and no seasonal variation for E.
coli (40, 64).

To sum up the findings from the present study on the use of
FRNAPH as fecal pollution indicators conducted in a specific
study area, no benefits were observed in water compared to E. coli:
infectious FRNAPH provided no relevant input compared to the
usual indicator, and low concentrations and poor yields prevented
any conclusions with regard to FRNAPH genomes. However,
FRNAPH provided novel information in shellfish compared to E.
coli.

In this study, FRNAPH were also evaluated as indicators of
viral pollution and as microbial source tracking tools. In this con-
text, we compared the presence of FRNAPH and HuNoV ge-

nomes in water and shellfish samples, taking into account the
aforementioned methodological limitations. Surrogates must be-
have as pathogenic viruses, and FRNAPH genome detection ap-
pears interesting due to their persistence being greater than infec-
tivity (20–23, 65), allowing the source of fecal pollution to be
tracked for a longer period of time, despite the presence of inacti-
vating factors in the environment. Unfortunately, low genome
levels in water require a concentration step, and poor yields and
inhibition cause them to be around their detection limits. For this
reason, a qualitative analysis appeared more appropriate here. Mi-
crobial source tracking was undertaken based on the approach
described by Hartard et al. (21). With the RT-PCR method that
was used, FRNAPH-II and -III seemed to be specific indicators of
human pollution, while FRNAPH-I was associated with both an-
imal and urban pollution. FRNAPH genomes were occasionally
detected in water collected from the 4 areas. The genomes detected
in almost half of the samples collected during the first winter (7/
16) were those of FRNAPH-II, thus suggesting that the pollution
could be of urban origin. Such an assumption was strengthened by
the detection of HuNoV genome levels above the LOQ in areas 1
and 2 during the first winter, a time that is also characterized by
the gastroenteritis epidemic threshold being surpassed for the
studied region. During the second winter, neither of these two
viruses was detected, and the gastroenteritis epidemic threshold
was not crossed.

The association between FRNAPH-II and HuNoV genomes
observed in water was even more marked in shellfish, whether in
specimens from the studied area (n � 16) or in others collected in
several European harvesting areas (n � 28). In the studied area,
HuNoV genomes were qualitatively and quantitatively more pres-
ent in shellfish than in waters during the first winter, confirming a
storage capacity in shellfish, as previously described (29, 66, 67).
No HuNoV or FRNAPH-II genomes were detected during the
following winter, suggesting, as in water, a limited impact of hu-
man pollution, while the seasonal peak of infectious FRNAPH-I
was also observed. Concerning shellfish collected from other Eu-
ropean harvesting areas, which were probably less impacted by
fecal pollution, only a qualitative analysis was conducted for the
presence of FRNAPH and HuNoV genomes, due to concentra-
tions close to the LOQ. Finally, concerning E. coli detection in
shellfish, the absence of a peak during the winter months, espe-
cially when HuNoVs were detected, confirmed that this conven-
tional indicator is not suitable to monitor viral pollution in shell-
fish. The contribution of FRNAPH detection in shellfish and the
lack of relevance regarding the monitoring of E. coli had already
been observed by Flannery et al. (34). By grouping shellfish spec-
imens according to their infectious FRNAPH content, a correla-
tion was observed with the level of NoV GII genome, unrelated to
that of E. coli. In another study, Flannery et al. (41) reported com-
parable kinetics of accumulation between infectious FRNAPH-II
and the genomes of probably infectious NoV GII in oysters fol-
lowing combined sewer overflow (CSO) discharge events. Finally,
FRNAPH-II, generally present in low concentrations in treated
water effluents (21, 68), has been found to be the most appropriate
indicator of viral persistence during water treatment processes
(69) and may thus be proposed as a specific indicator of urban
pollution in the environment (21).

To conclude, assessing viral hazard risks using molecular tools
raises the question of whether the genomes detected in water
and/or food commodities correspond to infectious viruses able to
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infect humans. In this study, infectious FRNAPH were detected in
shellfish samples in the absence of any FRNAPH genomes, which
clearly illustrated technical limitations (i.e., high limit of detec-
tion, low extraction yields, and RT-PCR inhibitors), even when
using standardized methods. These limitations are well known,
and in this respect, infectious HuNoVs may easily be present in a
specimen even when no genome is detected. The reverse situation
is also possible, in view of genome persistence being greater than
infectivity. For these 2 reasons, the detection of HuNoV genomes
provides limited relevance for assessing the associated infectious
risk. The findings of this study show a relationship between the
presence of HuNoV and FRNAPH-II genomes, especially in shell-
fish. Taking into account this observation, further experiments are
now needed to investigate the relationship between the presence
of infectious FRNAPH and that of infectious HuNoVs in shellfish,
and to conclude whether the specific detection of human infec-
tious FRNAPH-II could be used as an indicator of infectious
HuNoV contamination in shellfish. The relative scarcity of
FRNAPH-II compared to nonhuman-specific FRNAPH-I re-
quires, however, the development of more-specific detection
methods. Finally, with HuNoVs being noncultivable, the analysis
of shellfish involved in outbreaks of HuNoV gastroenteritis will be
the only guarantee of the presence of infectious particles.
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